This work investigates the sorption of heavy metals by low-cost, byproducts such as charcoal . Sorption reversibility was very low, with desorption yields lower than 2%
Introduction
Aqueous effluents rich in heavy metals are produced by many industries in the metallurgical, automobile, petroleum refining, pulp and paper, and mining sectors [1] . The entry of such effluents in water bodies increases the risk of heavy metal concentrations in drinking water and groundwater exceeding regulatory thresholds, representing a challenging problem for human health and environmental management.
Various treatments can be applied to contaminated waters, although some have serious limitations. The use of ion exchange resins is expensive and requires resin regeneration, while chemical precipitation can be inefficient for low metal concentrations [2] . Hence, treatments based on the use of sorbent materials are attractive for the removal of metals present in contaminated wastewaters [2, 3] . Nonetheless, materials such as activated carbon have high associated costs and are liable to loss of efficiency after regeneration processes.
As an alternative, previous studies have reported the use of non-hazardous industrial and natural waste products for pollution control. For instance, metal removal by sorption onto chitosan, egg shell, potassium humate, and sugar beet lime was shown to vary in the range 60-100% for Cd, Cu, and Zn during the treatment of metal-contaminated wastewater [4] .
Other wastes, such as fly ash, granular blast furnace slag, pyritic fill, and Al waste from manufacturing processes showed much higher efficiencies for the sorption of Cu from aqueous solution, compared to granular activated carbon [5] .
In this work, we examine the metal sorption capacity of three materials that are receiving increasing attention for the treatment of metal-contaminated waters: rice husk ash, waste green sand, and charcoal fines. Rice husk ash (RHA) is a byproduct generated from grain processing [6] and consists mainly of amorphous silica. The low price and richness in silica of RHA has attracted much attention for its application in engineering materials, as well as in sorption processes for the removal of inorganic and organic contaminants [7] . Previous studies have revealed the potential of this material for the removal of Cd, Ni, Pb, and Zn from contaminated waters [6, 8] .
Waste green sand (WGS) is a solid waste generated after use of the sand to form molds for ferrous castings [9] . It consists of a blend of naturally occurring materials including silica sand (85-95%), bentonite clay (4-10%), and a carbonaceous additive (2-10%).Preliminary results have shown the efficiency of this waste material in reducing the Zn content of water when used as a sorbent in permeable reactive barriers [10] , although it has not yet been tested for other heavy metals. The valorization of this waste is reduced at present, as for instance, approximately two million tons/year of WGS are sent to landfill in Brazil [11] .
Charcoal fines (CF) are one of the main byproducts of the metallurgical industry, for which they are unsuitable for use because its small particle size (below 9.5 mm) causes clogging of gas passages, hence decreasing the efficiency of blast furnaces [12] . However, the use of CF as a metal sorbent can be a strategy for valorization of this waste. Preliminary studies with oxidized CF materials have indicated their high sorption capacity for V and Cu [12] , but new studies are required to examine the sorption capacity of this material for other heavy metals.
In order to suggest efficient materials for the treatment of metal-contaminated waters, the present work examines the sorption of a set of metals by the WGS, CF, and RHA materials.
Sorption efficiencies were evaluated in terms of the solid-liquid distribution coefficients and the rates of removal of the metals from contaminated waters. Sorption mechanisms were also proposed from the sorption data obtained using different initial metal concentrations.
Finally, the sorption reversibility was also investigated in all the materials, which is supplementary information not yet considered in previous studies, especially for the CF and WGS byproducts.
Materials and Methods

Byproduct materials
The three byproducts investigated were:
-Rice husk ash (RHA), originating from the Arroz Urbano processing plant in Santa Catarina State, Brazil.
-Waste green sand (WGS), collected from the Tupy foundry in Santa Catarina State, Brazil.
-Charcoal fines (CF), originating from Irati, a Brazilian metallurgical company.
Determination of the main characteristics and structural analyses of the byproducts
The pH was measured in 1:10 (solid:water ratio) suspensions. Moisture contents were determined by drying portions of the materials at 105 ºC. The cation exchange capacity (CEC) of the CF and WGS materials were determined as described by Chapman [13] , with the sorption complex saturated with Na. Due to the low CEC of RHA, it was quantified by the method described by Thomas [14] , which includes a saturation step with protons. Loss on ignition (LOI) was determined by heating at 450 ºC during 4 h. Total carbon, total nitrogen, and total organic carbon (TOC) were measured by elemental analysis (EA-1108, CE Instruments, Thermo Fisher Scientific). To determine the dissolved organic carbon (DOC) content 50 mL of MiIli-Q water was added to 2 g of the material, the resulting suspension was shaken end-over-end for 30 min and the liquid phase was separated by centrifugation.
The supernatant was filtered, acidified to pH 2, and the DOC concentration was determined using a total organic carbon analyzer (TOC-5000, Shimadzu).
Humic and fulvic acid contents (HA and FA, respectively) were determined in the solutions obtained by extraction at alkaline pH [15] . The total organic carbon in the extract was obtained by oxidation with potassium dichromate. An aliquot of the extract was acidified to pH 1 to precipitate the HA, which was then separated and dissolved in an alkaline medium.
Finally, the total organic carbon associated with the HA fraction was determined in the resulting supernatant by oxidation of organic carbon with potassium dichromate. The FA content was calculated as the difference between the total organic carbon in the initial extract and in the HA extract.
The neutralization capacity of the samples was investigated using the CEN/TS 15364 pH titration test [16] . Firstly, the initial pH of each sample (2 g) was measured in deionized water (200 mL). The pH of the suspension was then measured after consecutive additions of 100 µL of HNO 3 or NaOH after 20 min of stirring following each addition. The acid and base addition was repeated until the range pH 2-12 was covered. The acid neutralization capacity (ANC) of the byproducts, which is an estimation of the buffering capacity with respect to external acidic stresses, was quantified form the neutralization curve as the quantity of acid or base (meq kg -1 ) required to shift the initial pH of the sample to pH 4.
The specific surface area (SSA) of the materials was determined by N 2 adsorption measurements in liquid nitrogen, using a Micromeritics ASAP 2010 instrument. Before analysis, the samples were degassed for 2 h at 150 ºC, under vacuum.
The total contents of major and trace elements (Si, Al, Ca, Mg, Fe, Mn, K, P, As, Cd, Cr, Cu, Ni, Pb, and Zn) were determined using the modified USEPA Method 3052 [17] . 0.3 g of sample was weighed in a PTFE vessel, followed by addition of 6 mL of HNO 3 (69%), 1.5 mL of H 2 O 2 (30%), and 2 mL of HF (40%). The temperature was increased to 190ºC over 15 min, followed by a dwell time of 30 min. After cooling, 16 mL of 5% H 3 BO 3 was added to redissolve the fluoride precipitates, and the same temperature program was applied. After cooling the extracts to room temperature, they were diluted with Milli-Q water to final volumes of 50 mL and stored at 4 ºC prior to analysis by inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS).
The water-soluble metal contents were quantified at a liquid/solid ratio of 25 mL g ).
Sorption and desorption tests
The sorption capacity of the materials was evaluated by batch sorption tests. Single Cd, Cu, The same batch conditions were applied in parallel to control soil samples, without the presence of the metal, which allowed us to evaluate possible changes of pH and major cations (Ca and K) in the contact solutions during the heavy metal sorption process.
The byproduct residues derived from selected sorption scenarios (specifically those at 0.025, 0.10, 0.30, and 1.75 mmol L -1 initial metal concentrations) were dried at 105 ºC for 48 h. 50 mL of Milli-Q water were added, and the resulting suspension was end-over-end shaken for 24 h. The solid and liquid phases were separated by centrifugation at 15,000 rpm for 10 min, and the resulting solution was filtered through a 0.45 μm Millipore filter and treated as described for the sorption test.
Determination of major and trace elements in the solutions
The major and trace elements were determined in the aqueous extracts and in the solutions obtained from the sorption and desorption experiments, using a Perkin-Elmer OPTIMA ), the following parameters were calculated:
) (Eq. 1):
where C sorb (mmol kg R des = C eq,des × V × 100
Sorption isotherms and modeling
The experimental sorption isotherms were fitted using Freundlich and linear equations. The
Freundlich sorption model describes the equilibrium on heterogeneous surfaces, without assuming monolayer coverage, and is given by:
where C eq (mmol L while the value for RHA was lower than that previously reported for a similar material [8] , and the SSA for WGS was similar to that reported by [9] .
Results and Discussion
Characterization of byproducts
The ANC was low for all the samples, despite their initial alkaline pH. The values were lower than those reported for other industrial waste byproducts such as sugar foam, bentonites, fly ash, zeolites, and silicates [18] . The ANC sequence of values agreed with that of the TOC content, and their low values were also in agreement with the low CEC values and the low HA and FA contents [19] .
In terms of the major elements, it can be highlighted the high total content and water-soluble fractions of K in CF (and to a lesser extent in RHA), as well as the high P content of RHA, which also presented the highest water-soluble P content of the materials tested. Finally, the Fe content was highest in CF, followed by WGS, in agreement with their origins.
The low concentrations of the water-soluble fractions of the trace elements in the materials indicated that the contribution of the original heavy metals in the sorption experiments could be considered negligible.
The DRIFT spectra of CF, RHA, and WGS are shown in Figure 1a .The peak at around 1100 cm −1 was more intense for the RHA and WGS byproducts, and was attributed to functional groups responsible for the CEC of the materials (Si-O-Si and -C-O-H stretching, and -OH deformation) [8] . The CF spectrum indicated the presence of a greater number of functional groups that could play a role in metal sorption, with a prominent band at 1600 cm -1 that was assigned to stretching of C=C or C=O in aromatic rings [12] . A peak at 1375 cm -1 was due to bending of phenol -OH [20] , and a peak at 1400-1420 cm -1 was attributed to symmetric C=O stretching. Figure 1b shows the XRD patterns of the byproducts. CF presented an amorphous phase centered at 25°, probably associated with the amorphous structure of carbon [21] . In agreement with the DRIFT analyses, the presence of quartz impurities was noticed. The RHA material showed the presence of cristobalite (SiO 2 ), a quartz polymorph [8] . The main crystalline phase in WGS was quartz, with a small proportion of montmorillonite, in agreement with the use of bentonite in the preparation of the material. Figure 2 shows the C sorb vs. C eq sorption isotherms for all the metal/byproduct combinations investigated. The isotherms generally followed a similar pattern, and could be classified as high-affinity (H-type) isotherms, reflecting higher affinity of the materials for the metals at low metal concentrations (C i < 0.4 mmol L -1 ) , with the affinity decreasing at higher initial metal concentrations [22] . The isotherms were consistent with the low DOC contents of the materials, so no effects of competitive sorption between functional groups of the solid phase and soluble organic matter were expected at low metal concentrations [23] . Isotherm pattern was also consistent with the presence of high-affinity sites for heavy metals at initial metal
Metal sorption isotherms
Description of the sorption isotherms and derived sorption parameters
. Thus, the presence of silicates and clay phases in RHA and WGS and the presence of organic functional groups in CF might be responsible for the formation of inner-sphere surface complexes that have strong affinity for heavy metals at low metal loadings. and biochars [24, 25] . For the RHA material, the K d values obtained here were close to or higher than those reported in other studies with rice husk derived materials [6, 26] . In contrast, the values obtained here for WGS were much higher than those reported, especially for Zn [10] , probably due to the higher pH of the sorption experiments in the present work. The high metal affinity observed for the CF material could be explained by its high pH, its highest specific surface area among the materials tested here, and a significant presence of organic carbon, similar to that in biochars [24] , and thus of surface functional groups, as observed in the DRIFT analyses. This is in agreement with previous studies that have reported the strong binding of metals such as Cu and Pb with coal-based sorbents, due to the abundance of surface functional groups including phenolic and carboxylic species [27, 28] .
Fitting of sorption isotherms
The experimental sorption data were first fitted using the Freundlich model. The resulting parameters (N and K F ) are given in Table 2 , and Figure 2 ) to further understand the mechanisms of sorption of the metals by the byproducts.
Results are summarized in Table 3 . An increase in the initial metal concentration generally led to a decrease in the pH of the equilibrium solution, compared to the control scenario without addition of the metal. For several metal/byproduct combinations, the difference ranged from tenths of a pH unit (for the lowest metal concentration) to nearly four pH units (for the highest metal concentration, especially in the case of the RHA material).
In addition, there was a general increase in the Ca+Mg and K concentrations in the final contact solutions as the initial metal concentration increased, which could be explained by a displacement of these cations from the solid phase due to ionic exchange-based heavy metal increasing the metal initial concentration [31, 32] . Thus, these data supported the role of cationic exchange as the predominant sorption mechanism at high metal loadings, together with a contribution from the formation of inner-sphere surface complexes at low metal concentrations [31, 33] . This was also in agreement with the presence of functional groups in the byproducts that could interact with heavy metals by means of ionic exchange mechanisms [25, 31] . However, additional mechanisms cannot be discarded at high initial metal concentrations, as for initial metal concentration of 5 mmol L -1 the ratio between the amount of sorbed metal and the net increase in the concentrations of Ca+Mg and K released to the solution increased to values much higher than 1 for the RHA and WGS materials, suggesting the possible existence of other sorption mechanisms, such as precipitation [23, 31] . In fact, previous studies have indicated that Zn precipitation could contribute its sorption by WGS [10] .
Evaluation of sorption reversibility
The results of the desorption tests permitted the calculation of the desorption solid-liquid distribution coefficient (K d,des ) and the desorption yield (R des ) ( confirming that the sorption was essentially irreversible. The minimum desorption yields (R des,min , %) generally corresponded to the scenario in which the sorption test had been carried out with the lowest initial metal concentration, with all values below 2%, whereas the desorption yields increased up to 6% (R des,max , %) for the scenarios derived from sorption at the highest C i . The low metal leaching agreed with reported values for C-based sorbents. For instance, desorption yields below 4% were obtained for a coal (oxihumolite) sorbent [27] , whereas desorption yields below 5% were reported for Cd and Zn, using similar rice husk derived materials [26] .
It is difficult to predict desorption data from sorption parameters. However, for all the materials, an inverse relation was generally observed between the desorption yields and the K d values for a given metal, as illustrated in Figure 3 for Cd and Zn. An explanation is that at low concentrations the sorption occurred at specific sites, with low sorption reversibility, while at higher concentrations the metal was mainly sorbed at low-affinity sites, with higher sorption reversibility. Therefore, at low metal concentrations that are more representative of environmental scenarios, metal sorption by the byproducts studied here was characterized not only by a relatively high K d , but also by low sorption reversibility.
Conclusions
Characterization of metal sorption and desorption using three low-cost sorbents derived from non-hazardous wastes (rice husk ash, waste green sand and charcoal fines) indicated their suitability as cost-effective materials for the removal of heavy metals from contaminated waters, providing removal rates exceeding 99.9% at low metal concentrations. Among the materials tested, the charcoal fines presented the highest metal sorption capacity, with K d values sufficiently high that the material could even be considered as a candidate for soil remediation.
Desorption tests showed that in most cases, the heavy metals were strongly retained on the sorbents, minimizing risks of their subsequent mobilization into the environment, as high sorption K d values were combined with low sorption reversibility. 
